Compaction behaviour and mechanical response of a compact show strong dependence on particle shape. In this study, a numerical model based on the discrete element method (DEM) was developed to study the compaction behaviour of spheroidal particles. In the model, particle shape was approximated by gluing multiple spheres together. A bonded particle model was adopted to describe interparticle bonding force. The DEM model was first validated by comparing the properties of packing of spheroids (packing density, coordination number) with literature data and then applied to both die compaction and unconfined compression. In die compaction, the effect of aspect ratio on the densification was mainly due to the difference in the initial packing. In unconfined compression, the increase in compressive strength with increasing aspect ratio was attributed to the increase in the number of interparticle bonding. The findings facilitate a better understanding of the relation of particle shape to the compaction behaviour and compact strength.
INTRODUCTION
Compaction of particles has wide applications in industries. The physico-mechanical properties of a compact are critical to the performance of the compact in the after-compaction operations, such as storage, transportation and sintering. It is therefore important to understand the relationship between consolidation pressure and compact properties, including compact density and compact strength [1] .
The macroscopic property of a compact is a collective outcome of the microscopic interactions between particles. For this purpose, the discrete element method (DEM) offers an efficient way to obtain micromechanical insight into its behaviour as it treats particles individually and explicitly considers the particle characteristics, material properties and the inter-particle forces. DEM has been adopted to investigate particle compaction, such as the effect of mechanical properties of particles [2, 3] , particle-wall friction induced inhomogeneity [4] , evolution of compact structure [5] and the effects of moisture, particle shape and particle size [6] [7] [8] . Recently we conducted a DEM study of the compressive strength of iron ore compacts using a bonded particle model [16] . The simulated stress-strain responses were comparable with those observed from the physical experiments.
Particles in real processes, however, are often nonspherical. It has been demonstrated that particle shape has a strong influence on the mechanical behaviour particle packing [9, 10] and flow [11] . For example, in the biaxial compression of elliptical particles, much larger strength was observed compared to that of diskshaped particles [12] . Ting et al. [13] observed that the shear strength of a 2D assembly of ellipse shaped particles increased with particle angularity. The enhanced shear strength was attributed to the rolling resistance provided by particle interlocking. Chung and Ooi [14] obtained a better agreement with experimental results in the bulk response when the particle shape was considered under confined compression. Recently, Wiacek et al. [15] observed that the vertical pressure transfer was sensitive to the aspect ratio of elongated particles in the uniaxial compression. However, little effort has been devoted to investigating the mechanical response and strength of non-spherical particle compacts under the unconfined axial compression.
This study is to develop a DEM model to study the compaction of spheroid particles, mainly focusing on the effect of particle shape on compact density and strength. Particle geometry is modelled using a multi-sphere approach. The model is firstly validated against the packings of analytical shaped spheroids and then extended to study their behaviour in the die and unconfined compactions. Both the bulk behaviour and microstructure will be analysed.
For a non-spherical particle i of mass m i and inertial tensor I i , its translational motion is defined based on its mass centre and its rotational motion obeys the Euler equations in body-fixed coordination system, given by,
where v i and Z i are, respectively, the translational and angular velocity with respect to the mass centre. F i is the sum of all externally applied forces acting on the particle, which include in this work the normal contact force n ij F , tangential contact force t ij F , capillary force cap ij F (for wet particles) and the bonding force b ij F (when a bond is present between particles). g is the gravity acceleration.
i M is the total moment on the particle, including the moment caused by tangential force and the moment induced by the tangential bonding force and bond bending/torsion. Table 1 lists the force equations used in this work. The details can be found in our previous study [16] . 
Simulation conditions
In this work, the packing and compaction of ellipsoidal particles were simulated.
A simulation started with the random generation of particles without overlap inside a cylindrical container. Random orientations of the particles were introduced by assigning different initial values to their Euler angles.
After the packing was formed, the upper punch then moved downward at a constant velocity to compress the particles till the compact reached the desired packing density. It then moved upward till it was separated from the compact top surface. The bonding forces were introduced between the contacting particles after a short period of relaxation (1s). The unconfined compression was conducted by removing the cylindrical wall and move the top punch downward. Table 2 shows the properties of particle and bond used in present work. The values of the properties were determined by calibrating the simulation results with experiments of compaction of iron ore powders [16] .
With these values, the simulations were able to reproduce similar compaction curves in the die and unconfined compaction to those observed in the experiments (Fig. 1 ). Fig. 1 Comparisons of simulated and measured axial pressure with packing fraction in the die and unconfined compactions [16] .
A multi-sphere approach [17] was adopted to approximate the geometry of the spheroids. In this approach, a spheroidal particle was approximated by combining a number of overlapping primary spheres of different sizes. The spheroids have various aspect ratios from 0.2 to 3.0 to cover spheroids from oblate to prolate. The shapes were selected such that the comparison can be performed with a previous study using [18] . Fig. 2 shows the representative particle shapes in the study. Fig. 3 shows the packed beds for three different aspect ratios of spheroids. The validity of the model was tested against a previous DEM simulation of ellipsoids packing with analytical shape [18] . Fig. 4(a) shows that variations of packing density with the aspect ratio. Here, the packing density was calculated from the region 3d away from the wall to minimise the wall effect. The figure shows that packing density increases with the aspect ratio and reaches a maximum at a ratio of 0.75. It then decreases with increasing aspect ratio and has a minimum when the ratio is 1 (packing of spheres). There is another peak for the prolate particles at an aspect ratio of 2. The comparison shows that the current model is able to reproduce results consistent to the previous study [18] . Fig. 4(b) shows the variation of mean coordination number (CN) with the aspect ratio. In this work only the contacted particles are counted. The mean CN appears to be the lowest for spherical particles and rises sharply with small deviations. Again, the general trends of the mean CN evolving with the aspect ratio is consistent with those reported earlier [18] , thus validating the current model.
Results and Discussion

Particle packing and model validation
(a) (b) Fig. 4 . Validations of (a) packing density and (b) mean coordination number with respect to aspect ratio. Fig. 5 plots the variation of consolidation pressure for die compaction of different shapes of particles, showing a strong dependence on particle aspect ratio. The difference in the slope of the loading curves is related to the particle orientation which makes the vertical fore transmission more efficient for particles of larger aspect ratios [18] . In particular, the effect on initial packing density is more pronounced than that of the overall deformation. So the variation in pressure is due to the difference in the initial packing density. In Fig. 6 , both initial packing density and compact density after unloading are plotted against the aspect ratio. The general trend for the initial packing density is very similar to those obtained during packing as shown in Fig. 5 except for a relatively lower magnitude due to the boundary effect [19] . The overall trend of density variation persists after the unloading, which further demonstrates that difference in the overall compressibility is mainly due to the difference in initial packing density. Fig. 6 also illustrates the consolidation pressure achieved by compressing the samples to a density of 0.7. As the particle aspect ratio increases, the consolidation pressure first decreases to the minimum at the aspect ratio of 1.6 and then increases with further increase in the particle aspect ratio. Fig. 6 . Packing density variation with the aspect ratio.
Die compaction
The angular distribution of the force illustrates the anisotropy of the compact. Recent studies have shown that the spatial distribution of the normal contact force can be divided into two subnetworks: large and small forces [20] . As the large forces are mainly contribute to the compact stiffness, so it would be interesting to characterise the angular distribution of the large forces within the compact. Fig. 7 shows the angular distributions of all and large normal contact forces at the end of die compaction. Here the large forces are defined as those with magnitudes 3 times the mean force.
The angular distribution of all the normal contact forces ( Fig. 7(a) ) shows a peak between 40 o and 70 o for all the cases. It demonstrates the anisotropic nature of the force network. As the particle aspect ratio increases, the peak of the distribution gradually shifts left. Also, the proportion of the horizontally aligned forces decreases with increasing particle aspect ratio. Therefore, the anisotropy of the force network increases as the aspect ratio increases. Fig. 7(b) shows the angular distribution of the large forces, which is clearly different from those of all the contact forces. The large forces tend to align along the vertical direction (compression direction). Furthermore, the influence of the compression on the alignment of the large forces become more significant as the particle aspect ratio is increases as reflected by the left-shifting and increasing peak value of the angular distributions.
(a) (b) Fig. 7 . Angular distributions of (a), all normal contact force; and (b), large forces with f > 3.0. Fig. 8 shows the evolution of compressive stress plotted against the axial strain for the compacts subject to the unconfined compression. It can be seen that all the cases produced a pronounced peak in the compressive stress, followed by stress softening during compression. It is evident that particle aspect ratio affects the macroscopic behaviour of compact significantly as reflected by the loading stiffness as well as the axial strain at the peak stress. In contrast, the post-peak stress response is more or less independent on the variation in particle aspect ratio as indicated by the largely paralleled stress curve after peak stress.
Unconfined compression
A major advantage of discrete modelling is that the failure process can be readily accessed. Fig. 9 compares the fully developed failure patterns of three aspect ratios, 1.2, 1.6 and 2.0. Previous studies have linked the initiation and propagation of shear bands with particle rotation [21] [22] [23] [24] . Shear banding is often associated with high gradients of particle rotation and large voids. Rolling resistance strongly influences in the orientation, thickness and the initiation of shear banding [25] . Here, the failure patterns are color-coded by particle angular velocity. It is obvious that an aspect ratio close to 1.0 results into a clear and single crack cutting through the compact without changing much the geometrical integrity of the rest part. In contrast, more complicated and dispersed failure patterns are observed for larger aspect ratios. This variation maybe related to the increased rotational resistance, which reduces the likelihood of shear-induced bond breakage during unconfined compression. Fig. 8 . Comparison of stress-strain relationships during unconfined compression test for different particle aspect ratios. Fig. 10 shows the compressive strength, the peak stress during unconfined compression, as a function of particle aspect ratio. Despite of a non-monotonic relationship between packing density and aspect ratio, compressive strength is found to increase rapidly as the aspect ratio is increased above the value of 1.6. Fig. 10 . Compressive strength as a function of particle aspect ratio.
Conclusions
The multi-sphere method was incorporated into the DEM to study the packing and compaction process of ellipsoidal particles. Validation was carried out based on packing of spheroidal particles. The developed model was further applied to die compaction and unconfined compression on the spheroidal particles. The main results are summaries below, x The relationship between packing properties and aspect ratio is consistent with the DEM results of analytical shape representation. x For ellipsoid compaction, difference in overall compressibility is mainly due to the difference in initial packing density. As the aspect ratio increases, consolidation pressure first decreases to a minimum at the aspect ratio of 1.6 and then increases.
x For unconfined compression of ellipsoidal particles, the mechanical response shows strong dependence on particle aspect ratio. Compressive strength increases rapidly as the aspect ratio above the value of 1.6.
